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Multicellular life in a 
microbial world

Earth cools 
off

4 3 2 1 0

Prokaryotes

Cyanobacteria (O2)

Microbial 
eukaryotes

Multicellular 
eukaryotes

2.6 x 109 years

Bacteria modified the environment with 
important consequences on a global scale

Multicellular life emerged in a microbial world

Fast growth and high rates of evolution



Mutualistic symbioses and 
host control

Byndloss Mucosal Immunol 2018

Microbial communities and their genes influence host physiology;
in turn animals and plants have developed responses to select and control the
microbes and achieve homeostasis

• The Hawaiian bobtail squid selects only one microbial species (Vibrio fischeri) by production of specific
amino acids and sugars and negative selection of other bacteria through antimicrobial factors
(advantage: camoufflage from predators due to bioluminescence from the bacterium)

• Maternal control of infat gut microbes through milk oligosaccharides present in breast milk (driving 
dominance of Bifidobacterium; linked to the development of the immune system)  



The human holobiont

Adapted from Zhao Nat Rev Microbiol 2013

Holobiont: the physical association of organisms of different species
(i.e. human body with all its associated microbiota) constituting a unit
for selection and evolution



www.gutmicrobiotawatch.org

The human microbiota

We are at least 
50% microbial

Our body is colonized 
by 100 trillion microbes 

(95% residing n the GIT)

The gut microbiota:
• Metabolically active organ with a weight of 1.5 kg 
• Contains 500-1,000 cell types, coding for >10 million genes (>300X 

more genes than in the human genome)
• Contributes to 6-10% of daily calorie intake



Host and gut microbiota 
co-metabolism

Holmes Cell Metab  2012



The gut microbiota affects 
human physiology

Sommer & Bäckhed Nat Rev Microbiol 2013

Functions of  the human microbiota

Protective:
• Barrier against pathogens (colonization resistance)
• Production of organic acids (lower fecal pH)

Metabolic:
• Fermentation of fiber to SCFAs / production of 
other metabolites (e.g., secondary bile acids)
• Energy harvest from undigestible carbohydrates
• Synthesis of vitamins
• Absorption of minerals

Trophic:
• Control of colonic epithelial cell proliferation, 
differentiation and metabolism
• Immune system development and homeostasis



The gut microbiota influences 
fat storage

GF mice eat 30% more but
have 40% less body fat

Bäckhed PNAS 2004

Reduced adiposity in GF mice is reversed by colonization with gut microbiota



Interaction of the gut microbiota 
with the diet

Bäckhed PNAS 2007
Rabot FASEB J 2010
Ding PLoS one 2010
Fleissner Br J Nutr 2010

Resistance to diet induced obesity depends on the 
macronutrient composition of the diet
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The gut microbiota influences
glucose tolerance

Bäckhed PNAS 2004; Caesar Gut 2012; Mannerås-Holm unpublished



Human obesity is associated to 
an altered gut microbiota

Ruth E. Ley, Peter J. Turnbaugh, Samuel Klein, Jeffrey I. Gordon

Low gene richness and depletion of beneficial symbionts



Estimated prevalence of T2D in 2025

**
*

T2D: a non-communicable disease with a 
microbial component?



Microbiota heterogeneity

• Throughout life, external 
and internal (genetic) 
factors uniquely shape the 
microbiota

• The gut microbiota is 
heterogeneous and unique 
to a person

Sommer & Bäckhed, Nat Rev Microbiol 2013

• The heterogeneity of 
gut microbiota may 
contribute to the 
heterogeneity metabolic 
profiles and diseases 
(e.g. T2D and NAFLD)



Altered gut microbiota in T2D
2012

2013



Consensus for T2D:
• reduction of butyrate-producers
• increased potential for response to oxidative/redox stress
• altered metabolism of vitamins and cofactors

Cohort of 70-year old women, n=145

Altered gut microbiota in T2D

Karlsson, Tremaroli Nature 2013

Increased in T2D:
Lactobacillus gasseri
Clostridium clostridioforme
Streptococcus mutans
(é opportunistic pathogens)

Decreased in T2D:
Bacteroides intestinalis
Roseburia
Eubacterium eligens
(ê symbionts and butyrate producers)



Associations with clinical variables

Karlsson & Tremaroli et al, Nature 2013

Majority of significant correlation observed with  
triglycerides, insulin and C-peptide, only partly overlapping with BMI



Classifying T2D based on the 
gut metagenome

Karlsson & Tremaroli et al, Nature 2013



Bacterial signatures in prediabetes

Stratification by the fecal microbiome: 
T2D-like gut microbiota in women with IGT who have worse metabolic profiles

which may affect the results. We also tested whether an MGC model
trained on one population could classify T2D individuals from the
other population. The MGC model based on our cohort had an
AUC of 0.58 for the classification of Chinese T2D subjects, whereas
the model based on the Chinese cohort had an AUC of 0.66 for the
classification of T2D women in our cohort (Supplementary Fig. 16).

These AUC values are lower than the values found both in our work
and the previous study4.
In summary, we characterized the faecal metagenome of 70-year-

old European women with T2D, IGT and NGT, and investigated the
role of metformin on the microbiome. We also developed the concept
of MGCs, which allows DNA that has not previously been sequenced
to be included in the analysis. We showed that MGCs identify T2D
more accurately than species, indicating that several important gut
species still need to be characterized. In addition, we classified women
with IGT into subgroups with T2D- or NGT-like metabolism on the
basis of their faecal microbiome; this classification offers a potentially
new approach to identify individuals at high risk of developing T2D.
Our results are concordant with the recent report showing associa-

tions between the gut microbiota and T2D in Chinese individuals4,
despite differences in age. Both studies suggest that functional altera-
tions of the gut microbiome, possibly reflecting changes in the intesti-
nal environment of T2D patients, might be directly linked to T2D
development. Although it is likely that the same microbial-encoded
functions contribute to disease in different populations, we observed
that the most discriminatory MGCs differed between our European
T2D subgroup and the Chinese T2D cohort. This observation under-
scores the need to sample human populations and perform parallel
studies in different continents. It also indicates that the development of
T2D metagenomic predictive tools and diagnostic biomarkers should
be specific to the populations studied.

METHODS SUMMARY
Sample collection. 70-year-old women were recruited using a protocol approved
by the ethics committee at Sahlgrenska University Hospital, and were included if
they had T2D, IGT or NGT. Exclusion criteria were chronic inflammatory disease
and treatment with antibiotics during the preceding 3months. The subjects were
given material and written instructions for providing faecal samples at home.
DNA extraction and sequencing. Genomic DNA was extracted using standard
methods13 and sequenced on Illumina HiSeq 2000. Libraries for each sample were
prepared with a fragment length of ,300 bp. Low-quality reads and reads map-
ping to human DNA were removed from the raw data.

Full Methods and any associated references are available in the online version of
the paper.
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Figure 4 | Stratification of IGT women based on gut microbiota profiles.
a, Use of the MGC model trained for discriminating NGT and T2D to classify
IGT women (n5 49) as either NGT (green) or T2D (red). b, c, IGT women
predicted to be T2D had higher triglyceride levels (P5 0.019, Wilcoxon rank
sum test) (b) and higher C-peptide levels (P5 0.030, Wilcoxon rank sum test)
(c). Boxes denote the interquartile range between the first and third quartiles,
and the line within denotes themedian; whiskers denote the lowest and highest
values within 1.5 times interquartile range from the first and third quartiles,
respectively. Circles denote data points beyond the whiskers.
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Figure 3 | Classification of T2D status by abundance of species and MGCs.
a, Classification performance of a random forest model using species or MGC
abundance assessed by area under the receiver-operating characteristic curve
(AUC). The performance was explored for different numbers of explanatory
variables, ordered in importance. b, The 30 most discriminant species in the

model using 915 species and discriminating between NGT and T2D women.
c, The 30 most discriminant MGCs in the model using all 800 MGCs and
discriminating between NGT and T2D women. The bar lengths in b and
c indicate the importance of the variable, and colours represent enrichment in
T2D (red shades) or NGT (blue shades).
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which may affect the results. We also tested whether an MGC model
trained on one population could classify T2D individuals from the
other population. The MGC model based on our cohort had an
AUC of 0.58 for the classification of Chinese T2D subjects, whereas
the model based on the Chinese cohort had an AUC of 0.66 for the
classification of T2D women in our cohort (Supplementary Fig. 16).

These AUC values are lower than the values found both in our work
and the previous study4.
In summary, we characterized the faecal metagenome of 70-year-

old European women with T2D, IGT and NGT, and investigated the
role of metformin on the microbiome. We also developed the concept
of MGCs, which allows DNA that has not previously been sequenced
to be included in the analysis. We showed that MGCs identify T2D
more accurately than species, indicating that several important gut
species still need to be characterized. In addition, we classified women
with IGT into subgroups with T2D- or NGT-like metabolism on the
basis of their faecal microbiome; this classification offers a potentially
new approach to identify individuals at high risk of developing T2D.
Our results are concordant with the recent report showing associa-

tions between the gut microbiota and T2D in Chinese individuals4,
despite differences in age. Both studies suggest that functional altera-
tions of the gut microbiome, possibly reflecting changes in the intesti-
nal environment of T2D patients, might be directly linked to T2D
development. Although it is likely that the same microbial-encoded
functions contribute to disease in different populations, we observed
that the most discriminatory MGCs differed between our European
T2D subgroup and the Chinese T2D cohort. This observation under-
scores the need to sample human populations and perform parallel
studies in different continents. It also indicates that the development of
T2D metagenomic predictive tools and diagnostic biomarkers should
be specific to the populations studied.

METHODS SUMMARY
Sample collection. 70-year-old women were recruited using a protocol approved
by the ethics committee at Sahlgrenska University Hospital, and were included if
they had T2D, IGT or NGT. Exclusion criteria were chronic inflammatory disease
and treatment with antibiotics during the preceding 3months. The subjects were
given material and written instructions for providing faecal samples at home.
DNA extraction and sequencing. Genomic DNA was extracted using standard
methods13 and sequenced on Illumina HiSeq 2000. Libraries for each sample were
prepared with a fragment length of ,300 bp. Low-quality reads and reads map-
ping to human DNA were removed from the raw data.

Full Methods and any associated references are available in the online version of
the paper.
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Figure 4 | Stratification of IGT women based on gut microbiota profiles.
a, Use of the MGC model trained for discriminating NGT and T2D to classify
IGT women (n5 49) as either NGT (green) or T2D (red). b, c, IGT women
predicted to be T2D had higher triglyceride levels (P5 0.019, Wilcoxon rank
sum test) (b) and higher C-peptide levels (P5 0.030, Wilcoxon rank sum test)
(c). Boxes denote the interquartile range between the first and third quartiles,
and the line within denotes themedian; whiskers denote the lowest and highest
values within 1.5 times interquartile range from the first and third quartiles,
respectively. Circles denote data points beyond the whiskers.
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Figure 3 | Classification of T2D status by abundance of species and MGCs.
a, Classification performance of a random forest model using species or MGC
abundance assessed by area under the receiver-operating characteristic curve
(AUC). The performance was explored for different numbers of explanatory
variables, ordered in importance. b, The 30 most discriminant species in the

model using 915 species and discriminating between NGT and T2D women.
c, The 30 most discriminant MGCs in the model using all 800 MGCs and
discriminating between NGT and T2D women. The bar lengths in b and
c indicate the importance of the variable, and colours represent enrichment in
T2D (red shades) or NGT (blue shades).
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Bacterial signature in prediabetes

Allin Diabetologia 2018

Prediabetes and T2D: 
• low species richness
• loss of butyrate producers, Akkermansia and taxa related to metabolic health;
• increase in R. gnavus (similar IBD)

N=134 normal glucose regulation
N=134 prediabetes



Alterations of the butyrate-producing 
potential in disease: a meta-analysis

Vital 2017 Decrease of butyrate production not observed in T1D: it is not a consequence 
of hyperglycemia and might be causal as we see the alteration in CGI.



Metformin
-First therapeutic choice for oral treatment of T2D; therapy initiated concurrent with 
lifestyle intervention at the time of diabetes diagnosis
-Mechanism: decreased hepatic gluconeogenesis, increased insulin-mediated glucose 
utilization in muscle and liver, decreased food intake, decreased body weight
-Evidence for effects trough intestinal pathways: better glucose-lowering effect 
when given orally vs. intravenously; glucose-lowering effect abrogated in mice treated 
with broad-spectrum antibiotics

Effects of dietary changes vs. metformin medication in a placebo-
controlled double-blind study in treatment-naive T2D patients



2017

N=22N=18 13



Effects of metformin vs diet 

1,700 mg/d 
metformin

reduced 
calorie intake
(≈ 342 kcal/d) 

nn

nn

- Increased E. coli and decreased Intestinibacter in T2D patients taking metformin

- Decreased abundance of butyrate producers in metformin-naive T2D patients 

(e.g., Roseburia, Subdoligranulum)

- Partially restored levels of Subdoligranulum, Akkermansia and potential for  butyrate production in T2D 

patients taking metformin



Metformin-altered microbiota might 
contribute to glucose-lowering effects

M4 (metformin)

M0 (baseline)



Gut microbiota, T2D and metformin

Cabreiro Cell Host Microbe 2016

People with T2D have 
al altered gut 
microbiota, deprived of 
the potential for 
butyrate production and 
characterized by 
increased abundance 
of opportunistic 
pathogens

Some beneficial effects 
of metformin on 
glucose metabolism 
may be mediated by 
the gut microbiota 
(propionate, butyrate; 
bile acid metabolism)



Makki Cell Host Microbe 2018

Diet, gut microbiota and intestinal 
inflammation



Imp inhibits insulin signaling at the level of IRS 
through activation of the p38g/p62/mTORC1 

increased activation of p62 and mTORC1 in liver 
from subjects with T2D



Personilized treatments for T2D 
based on gut microbiota profiles?

Khan Cell Metab 2014

Personal microbiota 
profiles

Metabolic 
Heterogeneity 

• Diversity of microbiota profiles among T2D patients might contribute to 
metabolic heterogeneity

• Stratification of patients based on the gut microbiota and its metabolic 
profile for better treatment and reduced side effects



Conclusions

There is a microbial signal in prediabetes and T2D, consisting in 
loss of butyrate producers probably linked to low dietary fiber intake and/or 
altered intestinal redox conditions.

Metformin might act in part through the gut microbiota, 
reversing some of the alterations (e.g., Akkermansia, SCFAs, butyrate).

The gut microbiota can be modulated to promote health.
Interventions to replenish the lost microbial potential might 
yield improvement in glucose status and, in a long-term perspective, 
could represent a supporting approach to delay or 
prevent the progression to T2D.
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The Bäckhed Lab

Thank you!





Flint Nat Rev Gastroenterol Hepatol 2012

Balance of the gut microbiota 
in health or disease

Intestinal inflammation



Microbes associated with lean and 
obese phenotypes 

Liu Nat Med 2017

The gut microbiota contributes to the regulation 
of energy homeostasis and fat storage, and may 

play a role in obesity and its complications



The germ-free mouse model

• Germ-free (GF): 
microbe-free animals

• Conventionally raised (CONVR): 
naturally developed microbiota

• Conventionalized (CONVD): 
colonized with total microbiota

• Humanized (HumD, FMT): 
colonized with human microbiota



The germ-free mouse model

Karlsson Diabetes 2013

Study the effects of the gut microbiota on host physiology 

Test the trasmissibility of the donor’s phenotypes through fecal microbiota 
transplantation (FMT)


